We report heteroepitaxial growth of multiferroic BiFeO 3 thin films by RF magnetron sputtering on lattice-matched SrTiO3 substrates, as well as preparation and electrical properties of the heterostructures formed by growing BiFeO 3 thin films on highly conductive LaNiO 3 films and n-Si substrates. Nonlinear and rectifying current-voltage (I−U ) characteristics were revealed for the heterojunctions in a wide temperature range (T = 78-300 K).
Introduction
BiFeO 3 (BFO) with a pseudo-cubic unit-cell parameter (a ≈ 3.96Å) of a rhombohedrally distorted perovskite structure belongs to a new emerging family of magnetic materials (multiferroics). A unique property of multiferroics is a coexistence of several ferroic orders (e.g. magnetic and electric) and some coupling between them (the magnetoelectric effect) [1, 2] . BFO is a ferroelectric below 1103 K and slightly canted antiferromagnet below 643 K [3] . Due to unusually high ordering temperatures, the BFO thin films are very promising for the fabrication of new types of devices for spintronics, ferroelectric memory applications, and sensors. For most of these applications, device structures composed of BFO thin films, conducting lattice-matched oxides and semiconductors such as Si and Ga might be elaborated. Further, electrical conductivity of BFO needs to be reduced for ferroelectric memory applications. Thus, there is great need to investigate the origin of electric conductivity and doping of the oxide [4] . * corresponding author; e-mail: veng@pfi.lt
In this work, we are focusing on growth and properties of both epitaxial BiFeO 3 thin films grown on lattice-matched SrTiO 3 (STO) (100) substrates (d = 50-200 nm) and related heterostructures formed by growing the BFO films on conducting LaNiO 3 (LNO) thin films and highly doped n-Si(111) substrates.
Results and discussion
The BFO thin films with typical thickness d ranging from about 150 nm to 200 nm were grown in situ at T = 750
• C by RF magnetron sputtering (MS) on lattice-matched SrTiO 3 (100), conducting n-Si(111) substrates (ρ = 0.01 Ω cm) and LaNiO 3 thin films. The disk-shaped ceramic target with excess Bi content (Bi 1.1 FeO 3 ) was synthesized to compensate possible loss of highly volatile Bi during BFO film growth. The native SiO 2 oxide was removed from Si substrates by chemical etching just before BFO film deposition. Highly conductive LNO thin films were grown by DC magnetron sputtering at T = 750
• C on n-Si(111) substrates using stoichiometric ceramic LaNiO 3 target. After deposition, both the BFO and LNO thin films were annealed in pure oxygen at T = 600
• C followed by slow cooling down to room temperature. Electrical properties of the grown BFO films were investigated by passing DC current perpendicular to a film plane. Metallic In pads attached mechanically to BFO, LNO film surface as well as to a bottom side of n-Si substrates were used as electrodes.
Investigation of X-ray diffraction (XRD) spectra revealed single-phase BFO films of epitaxial quality when grown on lattice-matched SrTiO 3 (100) (see Fig. 1 ). At the same time, polycrystalline BFO/Si(111) films with randomly oriented grains and preferentially (100)-axis oriented BFO/LNO/Si(111) films have been grown under the same deposition conditions. Surface of the grown films was studied by atomic force microscopy (AFM). The BFO films deposited onto the STO substrates showed relatively smooth surface with average grain size of about 200 nm and surface roughness of about 5 nm while slightly smaller grains and higher surface roughness values (of 12 and 9 nm, respectively) have been indicated for the BFO/Si and BFO/LNO/Si films. Figure 2a , b shows the current versus voltage (I−U ) characteristics measured for the BFO/LNO/n-Si (a) and BFO/n-Si (b) heterostructures at T = 300 K and 78 K. Positive U values in the figure correspond to a positive voltage on the BFO overlayer. Nonlinear I−U relationships have been found for both the heterostructures in a wide temperature range (T = 78-300 K). Certain asymmetry of the I−U curves in respect of current direction change can be noticed from Fig. 2a for the BFO/LNO/n-Si heterostructure, while clearly defined rectifying behavior (typical of semiconductor p−n diode structures) have been indicated for the BFO/n-Si heterostructure.
The observed I−U relationships may be understood assuming p-type electrical conductivity of BFO films resulting formation of Schottky type barrier between BFO and highly hole-doped LNO while excellent rectifying properties of the BFO/n-Si heterojunction may be expected due to the formation of a depletion layer with reduced carrier density in both n-and p-type layers at the interface. Following Fig. 2a it is worth noting an increase in the diffusion voltage, U D (corresponding to a step-like current growth in a case of a forward bias) for the BFO/n-Si heterostructure from about 0.7 to 0.9 V with temperature decreasing down to 78 K in accordance to similar properties reported by us earlier for the heterostructures formed between n-Si and p-type manganites.
The log-log plots of the I−U curves shown in Fig. 2a, b for the forward and reverse current directions are displayed in Fig. 3a We point out finely presence of p-type electrical conductivity of BFO thin films, nonlinear I−U relations of the BFO/LNO heterostructure due to the formation of Schottky type barrier at the interface and clearly defined rectifying properties of the BFO/n-Si heterojunctions.
